Adhesion of microorganisms to surfaces is a phenomenon found in a variety of biological systems (3, 6, 13, 23, 25, 27, 28) . In many cases, cell adhesion to an animate or an inanimate surface is a prerequisite or an initial step preceding an important biological function (1, 3, 7, 12, 24, 31) . Adhesion of microorganisms to surfaces is enhanced or promoted by polymeric material associated with the microbial cell surface (2) (3) (4) (5) 12, 13, 28) . These materials have been recovered from coastal seawater and from cultures of marine algae and bacteria (30, 31) . In the marine environment, symbiotic associations between microorganisms can be regulated by specific cell surface molecules (12, 13) .
Marine bivalves of the family Teredinidae commonly referred to as shipworms are exclusively wood-boring mollusks. It is generally agreed that wood fragments resulting from the boring process are digested by shipworms, but much controversy remains as to the source of digestive enzymes. A nitrogen-fixing, cellulolytic bacterium was isolated (32) from a specialized gland, known as the gland of Deshayes, which is common only to shipworms. The bacterium is found as a pure dense culture in the gland of Deshayes, and it was postulated that the bacterium is a source of cellulose-digestive enzymes for the host shipworm (32) . Somewhat analogous to a salivary gland (32) , the gland opens into the esophagus and is physically differentiated from the gastrointestinal tract by a duct. Because the bacterium appears to be sequestered in the gland of Deshayes, whether the bacterium ever comes in contact with particulate cellulose can be questioned. Thus, one would not expect the bacterium to adhere preferentially to cellulosic substrata.
On the other hand, several attempts to isolate the bacterium from immature shipworms (larvae) proved unsuccessful (J. B. Waterbury, personal communication). This poses the question of how the maturing shipworm is initially inoculated with the bacterium. It is possible that the bacteria can adhere to wood fragments that would be ingested by the developing shipworms. Therefore, establishing whether or not the shipworm bacterium preferentially binds to cellulose seemed relevant to several key issues connected with the symbiotic relationship between shipworm and bacterium. In this report, we describe our initial efforts to characterize the adhesive properties of the shipworm bacterium with respect to insoluble, cellulose-containing substrata.
MATERIALS AND METHODS
Stock cultures. Stock cultures of a marine shipworm (Psiloteredo healdi) bacterium (Woods Hole Oceanographic Institution strain T8301) were maintained microaerobically on a colloidal cellulose-agar medium. The medium contained basal salts (10) supplemented with 0.5% Sigma Cell 100 and 0.2% agar. Cultures grew as a visible band.
Experimental cultures. Cultures (10 m!) were grown aerobically in 25-ml Erlenmeyer flasks shaken (125 rpm) at 30°C, which are optimal conditions for cell growth (10) . The culture medium contained basal salts (10) supplemented with 1% soluble cellodextrins as a carbon source and 0.1% NH 4 CI as a nitrogen source. Cultures were inoculated with approximately 0.10 ml from the stock cultures. When cell growth reached early log phase (2 x 10 9 to 5 X 10 9 cells per m!), 50 -20) and washed several times with sterile medium to remove cellfree label. The final pellet was suspended in fresh medium, and the volume was adjusted to contain approximately 50,000 to 100,000 cpm per 50 f.LI of the final suspension. The final cell suspension could be stored at 4°C for several days with minimal loss of binding activity. Adhesion assay. By using a paper punch device, disks (7 mm in diameter, 1 mm thick) were punched out of the substratum in question and placed flat in a microdilution well (Minitek plates; BBL Microbiology Systems, Cockeysville, Md.). Aliquots (50 f.Ll) of the labeled cells were placed on the disks, which were then incubated for 3 h at 28°C in a humid chamber. After incubation, the disks were withdrawn and rinsed by sequential immersion in two test tubes containing 8 ml of sterile medium for each disk. The disks were then placed into scintillation vials containing 10 ml of liquid scintillation fluid (Ecolume; ICN Biochemicals), and radioactivity was measured (Beckman liquid scintillation counter, model LS-7800). Radioactivity that remained associated with the disks after two rinses was regarded as bound cells. Each experiment was done in quadruplicate, and experiments were repeated several times.
Preparation of cell-binding factor. Cell-binding factor was prepared by incubating unlabeled cells with 0.01% sodium dodecyl sulfate (SDS) for 15 to 20 min at 24°C. The cells were removed by centrifugation at 10,000 x g for 5 min. SDS was removed from the supernatant with a column of Extracti-Gel D. The eluent from this column contained cellbinding factor with a protein content of approximately 0.5 mg/ml. The effect of cell adhesion onto cellulose substratum preadsorbed with cell-binding factor was determined by preincubating cellulose disks (Whatman no. 1 filter paper) overnight at 4°C with 20 f.LI of SDS-soluble cell-binding factor. These surfaces were then used to examine the adhesion of 35S-labeled cells. To study the adhesion of cells preadsorbed with cell-binding factor onto cellulose substratum, about 0.5 ml of 35S-labeled cell suspension was preincubated for 15 to 30 min at 24°C with 0.5 mg of SDS-soluble cell-binding factor per ml. Cells were harvested (10,000 x g, 5 min), washed, and suspended in fresh medium to the original volume. These cells were then used in adhesion assay.
Cell and substratum treatments. To determine the effect of 5 mM EDTA, 5 mM EGTA [ethylene glycol-bis(~-aminoet hylether)-N,N,N' ,N'-tetraacetic acid], and 1% bovine serum albumin on cell adhesion, about 0.5 ml of cell suspension was premixed with the indicated reagent concentration. Aliquots (50 f.Ll) of these cells were then used in the adhesion assay as described in the text.
The effect of extracellular endoglucanase isolated from the shipworm bacterium (11) on cell adhesion was determined by preadsorbing the cellulose disks in microdilution wells with purified protein (0.3 mg of protein per ml). These disks were then used in adhesion assays.
Aldehyde moieties on cellulose filter paper were reduced with 0.1 M NaBH 4 for 18 h at 24°C. The treated filter paper was then washed for 15 min in 1 M acetic acid. This was followed by lO-min washes in distilled water (three times) and 100% methanol (three times) and a final wash in acetone for 18 h. Filters were then dried at 24°C and used in adhesion assays.
To determine the effect of antibiotics on cell adhesion, about 0.5 ml of cell suspension containing either 1 or 0.1 mM antibiotic (dissolved in 2% ethanol) was preincubated for 15 to 30 min at 24°C (see Table 2 ). These cells were subsequently used in adhesion assays.
To study the effect of proteases on cell adhesion, about 0.5 ml of cell suspension containing 1 mg of the indicated protease per ml was preincubated in a 1.5-ml microdilution tube for 20 to 30 min at 24°C (see Table 3 ). Cells were washed two times with sterile medium (10,000 x g, 5 min; Centra M Microcentrifuge, IEC), suspended to the original volume, and used in adhesion assays. The effect of cellulose derivatives on cell adhesion was determined by premixing 0.5 ml of cells with the amount of stock reagents described in Table 4 and incubating for 90 min at 24°e. These cells were then used in the adhesion assay as described in the text.
Gelatinization of insoluble starch. Gelatinized starch was prepared by dispensing 0.2 ml of 20% starch into microdilution wells. Gelatinization was accomplished by heating for 10 min in a microwave oven. Plates were cooled overnight at 4°C before use in adhesion assays. At the end of the adhesion assay, wells were rinsed twice with sterile medium. The gelatinized starch pellet was transferred into a vial containing 10 ml of scintillation fluid, and radioactivity was measured.
SDS-polyacrylamide gel electrophoresis (PAGE). Samples as described in the text were analyzed by linear 4 to 16% acrylamide slab gels with a gradient of 1 to 8 M urea prepared by the Jarvik and Rosenbaum modification (15) of the Laemmli method (17). Gels were fixed and stained with silver by the procedure of Merril et al. (22) . Subsequently, gels were dried and autoradiographed.
Sources of chemicals and materials. Whatman no. 1 filter paper was purchased from Whatman International Ltd., England. Dialysis membranes (carboxymethyl cellulose [CMC]) were purchased from Baxter Scientific Products, McGaw Park, Ill. Cellodextrins were prepared by the method of Freer and Detroy (8) . Wood chips were from untreated pine. Starch-containing polyethylene film was provided and prepared by L. Swanson, Plant Polymer Research, Northern Regional Research Center, Peoria, Ill. Unless otherwise specified, all other chemicals were reagent grade and purchased from Sigma Chemical Co., St. Louis, Mo.
RESULTS
Optimal conditions for adhesion. The amount of 35S_la_ beled cells bound to cellulose filter paper increased with time, reaching a maximum of 60% of the total added radioactivity in 3 h, after which a steady decrease in bound radioactivity occurred. Cells inactivated by heating in a boiling-water bath for 3 min showed significantly reduced binding to cellulose filter paper (Fig. 1) . Similar results were obtained when cells were fixed with 2% glutaraldehyde (data not shown). It is possible that the morphology of the marine shipworm bacterium (thin elongated rods with long extensive flagella) and the construction of the Whatman no. 1 cellulose filter paper (hollow rough cellulose fibers) result in nonspecific entrapment of some cells in the substrate. Maximum binding of shipworm bacteria to the cellulose substratum occurred at 28°C and pH 7 (Fig. 2) .
Selectivity of binding. Adherence of marine shipworm bacteria to several cellulosic substrata and to several noncellulosic substrata was examined (Table 1) . Among the cellulosic substrata tested, substantially more cells bound to Whatman no. 1 filter paper (55%) than to pine wood chips % Radioactivity bound ± SD (n) Substratum Table 1) . Among the sUb.st.rata lacking cellulose, the glass fiber filter and 20% gelatInIZed starch showed 21 and 30% binding, respectively, whereas little or no cell adhesion was observed with polyethylene plastic or starch-containing polyethylene plastic (Table 1) . A nonspecific bacterium (control), amylolytic Arthrobacter sp. (designated as KB-l), which binds specifically to starchpoly(methylacrylate) graft copolymer film (14) ( Table 1) , did not bind to cellulose filter paper.
Effect of divalent cations and various substrate treatments on adhesion of shipworm bacteria to cellulose. The presence of either 5 mM EDTA or 5 mM EGTA, which chelate divalent cations, had no effect on the adhesion of bacteria (data not shown). Incubating filter paper with purified extracellular endoglucanase from the shipworm bacterium (11) had no effect on cell adhesion (data not shown). Likewise, treating filter paper with 1% bovine serum albumin or sodium borohydride (NaBH 4 ) did not affect binding (data not shown).
Effect of antibiotics and proteases on adherence of marine shipworm bacteria to cellulose. Cells treated with azide or gramicidin-D showed significantly reduced binding to c~ll~ lose compared with untreated control cells (Table 2 ), IndIcating that the bacteria must be metabolically active for adhesion to occur. Interestingly, cells treated with carbonyl cyanide-p-trifluoromethoxyphenylhydrazone or bis-hexafluoroacetylacetone (1799), protonophores that increase H+ permeability of biological membranes, exhibited reduced binding activity, as did treatment with the K + ionophore valinomycin.
. . Treatment of bacteria with trypsin and pronase sIgmficantly reduced their ability to bind to cellulo.se filter pa~er ( Table 3 ), suggesting that cell surface proteIn may be~n volved in the adhesion process. However, treatment wIth chymotrypsin and peptidase had virtually no effect on binding (Table 3) . . Inhibition by cellulose derivatives. Cells were Incubated for 90 min with glucose, cellobiose, soluble cellodextrins (D p 2 through 6), methyl cellulose 15, and soluble CMC. Subsequently, bacteria were incubated with cellulose filter paper. (Table 1 ). Adhesion to filter paper was significantly reduced when shipworm bacteria were heat inactivated (Fig. 2) or treated with glutaraldehyde. Metabolic inhibitors (Table 3) also diminished binding activity. These data suggest that adhesion of the shipworm bacterium involves specific, energy-requiring processes. It also appears that a certain degree of nonspecificity is involved in the adherence phenomenon because the shipworm bacterium bound to glass fiber and gelatinized starch (Table 1) , although not as well as to filter paper. Interestingly, these substrata all have high-energy, hydrated surfaces. In several species of ruminal bacteria, adhesion to insoluble cellulosic substrata is mediated by cell surface proteins (4, 19, 21) . This also appears to be the case for the shipworm bacterium. The involvement of a surface protein(s) in the adhesion process is suggested by data from three experiments: (i) a brief treatment of cells with trypsin or pronase caused a significant decrease in their adhesion activity (Table 3) ; (ii) an SDS-soluble fraction (after SDS was removed) absorbed onto the cellulose substratum inhibited binding of intact cells to these surfaces (Table 5) ; and (iii) this SDS-soluble fraction (after SDS was removed), when mixed with intact cells, enhanced their binding to cellulose (Table 5) . SDS-PAGE showed that up to 10 polypeptides were present in the SDS-soluble fraction (Fig. 3) . Four of these polypeptides reassociated with cells (Fig. 3) , suggesting that one or several of these polypeptides may be involved in the adhesion process. Experiments designed to characterize these polypeptides further are under way in our laboratory.
---------------,~------------
At present, little information is available pertaining to the site(s) for bacterial attachment to the cellulose molecule. That sodium borohydride (NaBH 4 ) treatment of cellulose did not affect attachment indicates that the aldehyde moiety of the terminal reducing glucose probably does not playa role in the adhesion process. Glucose and cellobiose did not inhibit bacterial adhesion to cellulose ( Table 4 ), suggesting that binding may not be mediated by simple recognition of monomeric or dimeric sugar moieties. However, the recognition site does not appear to be an extremely complicated tertiary structure because a mixture of longer-chain-Iength cellodextrins (Dp 2 through 6) did inhibit adhesion. It will be interesting to determine the degree of polymerization which is necessary for cellular recognition to occur. CMC, which is 
DISCUSSION
The adhesion of the shipworm bacterium to insoluble cellulose substrata appears to be, at least in part, a specific interaction. The highest levels of adherence and most reproducible results were obtained with Whatman no. 1 filter paper which, typically, bound in excess of 50% of the shipworm bacterium cells. In contrast, <2% of the cells of a The results presented in Table 4 show that only cellodextrins and methyl cellulose 15 had a significant inhibitory effect on the bacterial adherence to cellulose filter paper.
Extraction of an adhesion factor with SDS. Adhesion of shipworm bacteria, washed with 0.01% SDS, to cellulose substratum was greatly reduced (Table 5 ). Therefore, experiments were conducted to determine whether SDS solubilized a cell-binding factor. Cells (unlabeled) were incubated (5 min) with 0.01% SDS and centrifuged (10,000 x g, 5 min). The supernatant was then passed over a column of ExtractiGel D (Pierce Chemical Co., Rockford, Ill.) to remove SDS. Mter SDS removal, the extract was absorbed onto the cellulose filter paper (overnight, 4°C). As a control, filter paper was incubated in sterile medium. These filter papers were used to examine the adhesion of 35S-labeled bacteria. The results presented in Table 5 show that the SDS extract inhibited the adhesion of intact cells, suggesting that bacterial attachment sites on the cellulose filter paper were occupied. To substantiate further that the SDS extract contained a factor involved in cell binding, the SDS-solubilized fraction (after SDS removal) was incubated with 35S_ labeled cells. These cells were then washed by centrifugation as described previously and exposed to filter paper. Approximately 50% more radioactivity bound to the cellulose substratum in comparison to cells not exposed to the SDSsolubilized fraction (Table 5) .
SDS-polyacrylamide gel analysis of the binding factor. 35S-labeled marine shipworm bacteria were washed with 0.01% SDS, and the SDS-soluble fraction was analyzed by SDS-PAGE. Autoradiography of gels indicated the presence of 8 to 10 polypeptides (molecular weights, 20,000 to 150,000) in the SDS-soluble fraction (Fig. 3, lane A) . Because the data in Table 5 indicated that this fraction probably contained molecules that enhanced the adhesion of intact cells to cellulose, we attempted to utilize the cells themselves for purification of the binding factor. To do this, the SDS-soluble fraction (labeled with 35S), from which SDS had been removed, was incubated with SDS-washed unlabeled bacteria to reconstitute binding activity. These cells were then washed in 0.01% SDS (10,000 x g, 5 min) and supernatant was analyzed by SDS-PAGE. The autoradiogram from this gel (Fig. 3, lane B) shows that at least four high-molecular-weight polypeptides of 100,000, 110,000, 140,000, and 150,000 M r (asterisks) associated with the unlabeled cells.
VOL. 56, 1990 ADHESIVE PROPERTIES OF A MARl E SHIPWORM BACTERIUM substituted in the 6'-carbon of the parent glucose moieties, only slightly inhibited adhesion at elevated concentrations. This is somewhat surprising since many cellulolytic enzymes, including an endoglucanase secreted by the shipworm bacterium (11), readily recognize CMC. In contrast, adhesion was dramatically inhibited by methyl cellulose, which is substituted at the 2'-, 3'-, and 6'-carbons. Thus, it does not appear that these carbons playa specific role in the cellular adhesion mechanism, and the apparent lack of CMC recognition by the cells remains obscure. It may be that the charged nature of the carboxymethyl substitution is a determining factor.
Several laboratories have postulated that adherence by some cellulolytic microorganisms may be an enzyme-substrate-mediated process (16, 20, 26) . Stack and Hungate (29) observed that Ruminococcus albus 8 produced cell-bound cellulases which resided in vesicular structures associated with the surface of the bacterium. Lamed et al. (18, 20) proposed the term cellulosome to describe an organelle which displays separate antigenic cellulose binding and multiple types of cellulolytic activities found on the cell surface of Clostridium thermocellum. We have also observed similar structures on the surface of the shipworm bacterium (data not shown). However, these structures do not look to be as pronounced or numerous as those observed in the above-mentioned studies. It is not known whether these structures are involved in the adherence process or whether they possess any type of cellulose activity. Certainly, they do not have endoglucolytic activity because this enzyme(s) was found to be truly extracellular for the shipworm bacterium (11) . Further experimentation regarding these cell surface structures is in progress.
It is curious that a bacterium which is sequestered from the gastrointestinal tract in the gland of Deshayes should specifically adhere to cellulose, which presumably does not enter the gland in great proportions. However, the bacterium actively metabolizes cellulose, as well as many other carbohydrate sources (10, 32) . Furthermore, the bacterium is capable of nitrogen fixation (10, 32) and secretes proteolytic activity, which is enhanced in the presence of appropriate substrates (9) . It is viable under aerobic, microaerobic, and anaerobic conditions. Indeed, the shipworm bacterium appears to be well suited for free-living. In our hands, well removed from the gland of Deshayes, the bacterium has proved to be remarkably resilient and easy to maintain. We possess viable stock cultures that are approaching 5 years of age. Therefore, it might not be surprising to find this bacterium attached to ocean-drifting, cellulosic material. Quite possibly, ingestion of such material is the means by which maturing larvae become inoculated with the bacterium upon which the shipworm is apparently dependent. As more facts are ascertained, it becomes increasingly evident that the relationship between the shipworm and the bacterium is extremely intricate.
